Introduction

Predictions of Hydrated Minerals on the Martian
Surface Geologic interpretations of spacecraft images indicate that liquid water was once abundant on the surface of Mars [Carr, 1996] . The availability of surface water early in Mars' history suggests that primary basaltic rocks and volcanic glasses could have been chemically altered to secondary, hydrated mineral phases in that time period. In particular, much published literature infers an abundance of palagonites on the surface on the basis of spectroscopic evidence, thermodynamic calculations, laboratory experiments, and models of basalt erupting through ice [Soderblom and Wennet, 1978 [Bibring et al., 1990; Erard et al., 1991] . This variability of the OH signature in the ISM data is consistent with the reflectance spectra obtained from the infrared spectrometers (IRS) on board Mariners 6 and 7 [Erard and Calvin, 1997] . The depths of the IRS absorptions measured at 3/xm, however, are -15% larger than corresponding ISM data. This difference has been attributed primarily to the larger phase angles in the IRS observations, which result in more scattering in the continuum [Erard and Calvin, 1997; Murchie et al., submitted manuscript, 1997.]
In-Situ Analyses
The only direct measurement of the water content of the Martian surface materials was performed by the gas chromatograph-mass spectrometer (GC-MS) instrument on board the Viking landers. (Water (H20 molecules) released from soil samples by heating can initially reside on the surfaces of so•l grains (adsorbed), interlayer in clays, bound in mineral phases as H20 , or held as OH within the structure. References to "water" content in this paper refer to all forms of hydration that result in the evolution of H20 upon heating.) The results from one of the landers (VL-2) indicate that less than 2% water by weight was evolved from each of two samples heate• in rapid (30 s) steps to 500øC [Biemann et al., 1977] . The uncertainty in this value, however, is significant for the following reasons: (1) The instrument was not specifically designed tO detect water; in fact, the GC column was constructed to allow water to pass quickly through the system so that it could be expelled prior to analysis of organic species. Laboratory sim- 
Focus of This Study
The purpose of this paper is to show that even with all the uncertainties, the 2% result obtained by the Viking landers is reasonable for the water content of the Martian soil. We demonstrate that the strong 3-/am absorption feature in the spacecraft reflectance spectra can be reproduced with plausible mineral mixtures containing less than 4% water by weight. Furthermore, we show that it is difficult to "hide" larger quantities of water in the Martian surface layer while maintaining reflectance spectra consistent with those collected from spacecraft.
1.5.
Past Work Houck et al. [1973] collected 3-/am spectra from an aircraft instrument similar in depth to the ISM results. They then estimated and inferred scattering coefficients for the Martian particulate surface and thereby constrained the water content of the soil to be approximately 1% (within a factor of 3). We use experimental rather than theoretical arguments, as well as more recent and much higher fidelity reflection spectra of Mars (ISM data) to show that the observed 3-/am absorption feature is consistent with Viking in situ measurements. We use the ISM and IRS spectra for comparison with our laboratory data because of the absence of terrestrial atmospheric interference and the high spatial resolution.
Experiment Description
Overview
Mars-analog soil samples of varied water content were prepared and scanned using a Fourier transform infrared (FTIR) spectrometer. Thermal gravimetry (TG) was used to confirm the water content of the samples. The laboratory data were subsequently compared with published ISM and IRS spectra.
Sample Preparation
The water-and OH-containing component of the particulate mixtures used in our experiments included palagonite, bentonite, goethite, and gypsum. The palagonite is the Pahala Ash from Hawaii (-3 km west of Naalehu on Highway 11). Bentonite is a weathered volcanic ash consisting of mostly montmorillonite; our samples are from Clay Spur, Wyoming (Clay Mineral Standard H-26). The goethite (a-FeOOH) sample is from Negaunee, Michigan, and the gypsum (CaSO 4 ß 2H20 ) is the selenite variety from Utah. The anhydrous portions of the mixtures included augite (clinopyroxene) from Ontario, Canada (near Syndenham); a fresh sample of Kilauea pahoehoe basalt; and near-gem-quality plagioclase feldspar (-An70) from the Ponderosa Mine in Oregon. Basalts are largely plagioclase feldspar, but the transparent samples from Ponderosa Mine were used because they lack the highly absorbing darkcolored minerals such as magnetite. The objective of this study is not to test all possible Martian surface constituents. Rather, samples were selected to be representative of the major categories of suspected mineral phases. Indeed, the results described below will show that the data depend primarily on water content and are relatively insensitive to the sample composition.
All of the samples were ground by hand using a mortar and pestle and dry sieved to exclude particles greater than 300/am in diameter. Before the mixtures for FTIR analysis were made, the anhydrous components were baked at 850øC under air for 50 hours to minimize the adsorbed water. Neither the X ray diffraction patterns nor the mid-infrared characteristics (with the exception of the removal of the 3-/am absorption) of the samples were altered by baking. The visual appearance of the basalt and the augite, however, changed from their initial gray and greenish colors to a more reddish brown hue from thermal oxidation, which better resembles the visible color of Mars. [Greeley et al., 1992 ]. An average particle size of 100/am is also consistent with observations of the drifts of fine-grained sand in the vicinity of the Viking landers [Sharp and Malin, 1984] . Thermal inertia studies of aeolian deposits suggest an average particle size of 300/am [Palluconi and Kieffer, 1981] . Because we wish to show the plausibility of duplicating the ISM spectra using reasonable choices for particle size, sample material, and water content, we use particle mixtures that are no larger than 300/am.
The approximate size distribution of our samples is listed in Table 1 . Sizes down to 35/am were determined by sieving, and the fraction smaller than 10/am was estimated by microscopic examination. The ISM instrument had a spatial resolution of ---25 km and undoubtedly sampled rocks, boulders, and other surfaces with length scales of the order of meters and larger. However, the roughness scale of most geologic surfaces combined with the sizes of aeolian material known to be on Mars indicate that surface spectra will be dominated by diffuse reflectance in the wavelength range studied here. This assumption facilitates a direct comparison between laboratory and spacecraft data.
Sample Characterization
Each of the samples used in this study was analyzed with X ray diffraction (XRD) to verify the composition. All powder 
Thermal Analysis of Water Content
Dry basalt, feldspar, and pyroxene were mixed with hydrated mineral phases for comparison with the ISM spectra. Values for the water content of goethite and gypsum were initially estimated from stochiometry as 10.1% and 20.9% water by weight, respectively. After mixtures containing 2%, 4%, 6%, and 8% water by weight were made and scanned in the FTIR as described below, portions of the sample were extracted for thermal analysis using a Mettier TA2000C Thermoanalyzer to confirm the water content. An example of a thermal gravimetry curve is shown in Figure la . Even though these samples are stored in sealed containers, exposure to variable humidity air during the sample preparation process affects the actual level of hydration. Thus analysis of the water content by these same thermal techniques immediately after collecting the infrared reflectance data was necessary to confirm that the desired water content was achieved.
Infrared Spectroscopy
After the powdered mixtures of baked basalt plus a hydrated phase were made (under air) and placed in sample cups, biconical diffuse reflectance spectra were obtained using a Nicolet 60SX FTIR spectrometer. The purge gas flowing into the analysis chamber of the instrument was air that had been pressure cycled through zeolite to remove water vapor and carbon dioxide. A reflectance standard manufactured by Labsphere (Infragold) was used as the reference; manufacturer's data indicate that 94-97% of the incident flux in the applicable wavelength range is reflected from the surface. The infrared beam from the interferometer is focused to a spot size of approximately 3 mm by an off-axis paraboloid mirror. This focal spot is significantly larger than the particle size of the samples and the ---50 tam feature size of the Infragold standard, which allows collection of the diffuse portion of the reflectance. Scans of the reference target immediately precede scans of the soil mixtures, and a ratio between the two data sets was computed to eliminate the spectral contribution of the optical path through the instrument. The resulting data represent the reflectance spectra of the sample from 2 tam to 5 tam.
2.7.
Conversion to Absorbance
Quantitative analysis using only reflectance spectra poses several challenges. First, the effects of wavelength dependent scattering alter the relative depths of the absorption features for samples with the same bulk water content but different particle sizes and packing densities. Furthermore, because reflectance values relative to a suitable standard range between zero and one, doubling the water content will not double the size of the absorption band. A number of techniques have been described in the literature for converting reflectance to absorbance in an effort to account for scattering processes and to relieve the effects of logarithmic compression (see Hapke [1993] for a review). None of these techniques is ideally suited for our particular problem, but one of the less unsatisfactory approaches for linearizing the reflectance data from the laboratory (as well as the spacecraft) measurements is to use the "apparent absorbance" (-ln (R)) [Kortum, 1969; Clark and Roush, 1984] .
Reflectance band depths vary considerably as particle sizes and packing densities of the samples are varied in the laboratory. Our experiments show that variations as large as 50% are achievable from changes in particle size and packing density while water contents of the samples are constant. Conversion of these reflectances to apparent absorbance, however, yielded much smaller differences between samples (less than 10%). For example, Figures 2a and 2b show reflectance and absorbance, respectively, for mixtures of palagonite and basalt of different particle sizes. While the reflectance band depths are different for the same quantity of water, the absorbance curves are nearly identical. Similar results have been demonstrated with packing density variations. Thus conversion to apparent absorbance is robust to changes in packing density and particle size, and direct comparisons between curves of different quantities of water can be made after the conversion to absorbance is applied.
Results
Ten "families" of four curves such as the ones shown in
Figures 3a through 3d were produced from these experiments. One set of curves was generated for each combination of dry (basalt, feldspar, pyroxene) and hydrated mineral phases (palagonite, bentonite, gypsum), and the tenth plot was produced from a mixture of basalt and goethite. The four curves in each plot represent 2, 4, 6, and 8% water by weight. To simplify comparison across the data sets, the curves were reduced to apparent absorbance heights after an approximate continuum baseline was subtracted from the absorbance spectra. Plots of apparent absorbance versus water content for the various mixtures are shown in Figure 4a . The representative error bars in Figure 4a were estimated from FTIR and thermal analysis of multiple mixtures with the same target water content and by bounding the range of absorbance values for different choices for baseline corrections. In the bentonite curves, where the absorbance peak is at 2.76/xm, the second highest peak (---2.9 /xm) was used to determine the band size. This region of the curve is more appropriate for a direct comparison with the ISM results, since the spacecraft data in the wavelength range of the largest peak are highly uncertain because of interference from atmospheric CO2 (see discussion below).
Discussion
Comparison With Spacecraft Data
The instruments that provide the best data for comparison against the laboratory spectra are the infrared spectrometers on board Mariners 6 and 7 and the imaging spectrometer from the Soviet Phobos 2 spacecraft. An apparent advantage of the latter data set is that a number of authors have published ISM spectra covering the 3-/•m absorption feature that have been This value, which is based on the maximum absorbance in the ISM data, is judged to be conservative for two reasons. First, the particle size distributions of the hydrated and the dry components of the mixtures that we used are approximately the same. In a natural environment the smallest particles will likely be dominated by phyllosilicates, since the weakly bound layers are easy to disrupt by physical weathering processes. Experiments using the minerals described above but with the hydrated phase limited to particles smaller than 35 •m resulted in apparent absorbances larger than 1.1 with only 2% water (see Figure 4b for comparison with nominal results) . Small hydrated particles coating the surfaces of anhydrous scattering centers provide even greater opportunities for incident photons to be absorbed at 3 •m. In the limit where the hydrated phase is a coating rather than individual particles observable with an optical microscope, large absorbances can be achieved with minimal quantities of water. For example, an analysis of sands from the Kelso Dunes in the Mojave Desert, California, shows an apparent absorbance of greater than 2.0 for only 0.5% water (see Figures 5 and 4b) . These 250-to 500-•m-diameter sand particles consist of quartz, feldspar, and amphibole, among other minerals [Sharp, 1966] and Calvin, 1997] . This constraint on the peak location in the Mars data is independent of the atmospheric correction because it relies primarily on data outside the CO2 absorption.
Liquid, Frozen, and Adsorbed Water
One could argue that the origin of the feature in the ISM data is not necessarily associated with water bound in a hydrated mineral but rather could be due to liquid, frozen, or adsorbed water at the surface. Each of these options, however, is unlikely to be responsible for the entire absorption feature. Because of the low water vapor pressure in the atmosphere (on the order of a microbar), liquid water with or without brines is not stable at the Martian surface. In the season (Ls ---10 ø) and latitude (L ---10øN) of these Phobos 2 daylight observations (0900-1600 LT), frost is not likely to be at the surface [e.g., Ingersoll, 1970; Jakosky, 1985] . Furthermore, the peak location (---3.07 •m) of the water ice absorption feature is at a longer wavelength than the peak in the spacecraft data.
Some amount of adsorbed water in equilibrium with the atmosphere, however, should be present on the soil grains at the Martian surface. We conducted experiments to determine absorption depths from water adsorbed on anhydrous particles. Only the smallest grains (<35 •m) were used so surface area could be maximized, and the samples were exposed to high humidity immediately prior to obtaining the infrared spectra. Augite samples yielded apparent absorbances of approximately 0.7, and a thermal analysis of these samples showed that they contained ---0.5 wt % water (see Figure 4b for comparison with other laboratory results). This apparent absorbance is at the low end of the absorbance values derived from the ISM data set. This indicates that at saturation in room temperature, a collection of angular (rough) anhydrous grains substantially smaller than the mean particle size of the Martian soil still has insufficient surface area to hold a quantity of adsorbed water that could completely reproduce the ISM spec- In principle, an abundance of hydrated phases could still be present beneath the micrometer level depths sampled by the ISM instrument and beneath the 10-cm depths accessed by the robotic collection arm of the Viking landers. The January 1999 launch of the Mars Surveyor lander offers opportunities to test our conclusions. The current design concept for the New Millennium Mars microprobes, which will be carried "piggyback" on this mission, features an evolved water analysis instrument to search for hydration ---1 m beneath the surface. In addition, the thermal and evolved gas analyzer (TEGA) on the lander itself is intended to carry out the first in situ mineralogical analysis of the Martian surface. It should have good sensitivity for bound water in soil minerals. The sampling arm is likely to be able to dig at least as deep as the Viking arm. Our interpretation of the laboratory results described in this paper leads us to expect that this mineralogy experiment will find less than 4% water adsorbed or bound in samples obtained from the upper few centimeters of the surface. TEGA should also be able to identify the phase(s) in which the water is contained. The Surveyor lander will land near the Martian south pole in early southern spring, and this prediction does not include any water that may be contained as ice or frost. 2. The shape of the short-wavelength portion of the 3-/•m absorption feature is highly uncertain in Mars spectra owing to complexities in removal of the atmospheric CO2 and water vapor. Goethite, however, can be excluded as a major component of the soil because its peak location is at longer wavelengths than the spacecraft data suggests and is in a region of the spectrum that is not affected by the atmosphere. Small amounts of dehydrated palagonite, hydrated sulfates such as gypsum, and poorly crystalline clays cannot be excluded on the basis of the existing 3-/am reflection spectra of Mars.
3. Large apparent absorbances (>0.7) can be achieved with relatively small quantities of water (---0.5%) physically adsorbed on the surfaces of anhydrous mineral grains. The evolution of water between 350øC and 500øC in the Viking lander GC-MS indicates that adsorbed water is not the only form of hydration in the soil.
4. Our interpretation of the laboratory data leads us to expect that the TEGA mineralogy experiment on board the Mars Surveyor lander and the evolved water experiment on the accompanying microprobes will find less than 4% water adsorbed or bound in minerals in the Martian soil.
